An evaluation of milk urea nitrogen (MUN) as a diagnostic of protein feeding in dairy cows was performed using mean treatment data (n = 306) from 50 production trials conducted in Finland (n = 48) and Sweden (n = 2). Data were used to assess the effects of diet composition and certain animal characteristics on MUN and to derive relationships between MUN and the efficiency of N utilization for milk production and urinary N excretion. Relationships were developed using regression analysis based on either models of fixed factors or using mixed models that account for between-experiment variations. Dietary crude protein (CP) content was the best single predictor of MUN and accounted for proportionately 0.778 of total variance [MUN (mg/dL) = −14.2 + 0.17 × dietary CP content (g/kg dry matter)]. The proportion of variation explained by this relationship increased to 0.952 when a mixed model including the random effects of study was used, but both the intercept and slope remained unchanged. Use of rumen degradable CP concentration in excess of predicted requirements, or the ratio of dietary CP to metabolizable energy as single predictors, did not explain more of the variation in MUN (R 2 = 0.767 or 0.778, respectively) than dietary CP content. Inclusion of other dietary factors with dietary CP content in bivariate models resulted in only marginally better predictions of MUN (R 2 = 0.785 to 0.804). Closer relationships existed between MUN and dietary factors when nutrients (CP to metabolizable energy) were expressed as concentrations in the diet, rather than absolute intakes. Furthermore, both MUN and MUN secretion (g/d) provided more accurate predictions of urinary N excretion (R 2 = 0.787 and 0.835, respectively) than measurements of the efficiency of N utilization for milk production (R 2 = 0.769). It is concluded that dietary CP content is the most important nutritional factor influencing MUN, Received May 14, 2003. Accepted July 15, 2003 Corresponding author: P. Huhtanen; e-mail: pekka.huhtanen@ mtt.fi.
INTRODUCTION
The basic function of milk producing ruminants is to convert low-quality noncompetitive feed sources into high quality protein for human consumption. Often the amount and quality of protein absorbed from the small intestine can limit milk production (Huhtanen, 1998) . However, feeding excess protein in relation to requirements increase environmental N emissions (Castillo et al., 2000; Frank and Swensson, 2002; Huhtanen et al., unpublished) and can impair reproductive performance (refer to Shingfield et al., 1999) . Consequently, there is an urgent need for on-farm diagnostic to monitor the adequacy of protein feeding offering the opportunity to optimize the efficiency of N utilization with respect to both milk protein production and N emissions into the environment.
Blood urea nitrogen (BUN) is the major end product of N metabolism in ruminants, and high concentrations of it are indicative of an inefficient utilization of dietary N. However, BUN cannot be measured routinely due to difficulties in obtaining regular and reliable samples. It is well established that urea equilibrates rapidly with body fluids, including milk, and this can account for the close relationship between milk urea nitrogen (MUN) and BUN (Broderick and Clayton, 1997; Hof et al., 1997) . Since milk is easily collected and can be determined accurately for urea by enzymatic or physical methods, it has often been suggested that MUN in bulk tank milk could be used as a diagnostic of on-farm efficiency of N utilization (Jonker et al., 1998; Kauffman and St-Pierre, 2001 ; Kohn et al., 2002) .
Variance in MUN has been shown to be related to the ratio of dietary CP to energy (Oltner and Wiktorsson, 1983; Kirchgessner et al., 1986) , extent of CP degradation in the rumen and the amount of ammonia in excess of microbial N requirements (Ropstad et al., 1989; Roseler et al., 1993; Hof et al., 1997) , and protein or energy intake in relation to feeding standards (Gustafsson and Carlsson, 1993; Carlsson and Pehrson, 1994) . However, there is evidence that MUN is more closely associated with changes in dietary CP content than the ratio of dietary CP to energy intake, efficiency of N utilization, or rumen ammonia concentration (Broderick and Clayton, 1997) . Even though these findings have been based on sound physiological principles, the relationships derived may not be universally applicable due to variations in nutrient intake and betweenanimal differences. Furthermore, previous evaluations of MUN fail to account for random study effects, which can lead to biased estimates of regression coefficients (St-Pierre, 2001 ) and have been based on data from a limited number of studies (e.g., Jonker et al., 1998; Kauffman and St-Pierre, 2001 ; Kohn et al., 2002) .
Milk urea nitrogen has routinely been determined in a number of milk production trials conducted in Nordic countries that also measure animal and dietary characteristics. This evaluation was conducted to (1) examine the effects of diet composition and nutrient intake on MUN using mean treatment data across a wide range of nutritional circumstances, in conjunction with statistical models that accounted for random study effects, and (2) assess the potential of MUN as a predictor of urinary N excretion and the efficiency of dietary N utilization.
MATERIALS AND METHODS

Datasets
Mean treatment data were derived from 50 milk production trials that assessed 306 different diets. Trials were conducted in Finland (n = 48) and Sweden (n = 2; refer to Appendix 1), most of which (n = 42) were conducted as changeover designs with 3-or 4-wk experimental periods.
Experimental Diets
Grass or grass-legume silages were fed ad libitum in all trials supplemented with concentrates offered at a flat rate (mean 8.1 kg DM/d, SE 1.26), irrespective of milk yield. For statistical analysis, diet composition was characterized as (g/kg DM) CP, AA absorbed from the small intestine (AAT), protein balance in the rumen (PBV), NDF, starch, NSC, lactic acid, VFA, and ammonia N. Apparent diet digestibility was determined (n = 270) using acid insoluble ash as an internal marker (Van Keulen and Young, 1977) . Nonstructural carbohydrate content was estimated as OM − (CP + ether extract + NDF). Concentrations of AAT and PBV were calculated according to the metabolizable protein system adopted in Finland (Tuori et al., 2002) , where AAT represents the supply of AA available for absorption, and PBV indicates the balance of rumen degradable crude protein relative to microbial N requirements, providing an estimate of rumen N losses. Metabolizable energy (ME) content was calculated using published values for concentrate ingredients (Tuori et al., 2002) , and in vivo or in vitro OM digestibility of forages. In vivo OM digestibility of silages was measured in sheep fed at maintenance (n = 13), or predicted in vitro using rumen fluid (n = 16, Tilley and Terry, 1963) or a pepsincellulase (n = 25) based method (see Nousiainen et al., 2003) .
In addition to diet composition, including silage, concentrate, and total DMI, animal measures such as daily milk and energy-corrected milk (ECM) yield, milk protein, fat and lactose concentration, live weight, and mean DIM during experiment were used. Milk urea nitrogen was determined as ammonia in composite samples according to McCullough (1967) The apparent efficiency of N utilization for milk protein synthesis was defined as milk N/N intake. Urinary N excretion was estimated as N intake − (milk N + fecal N output), assuming no net changes in N retention during each experiment. To estimate the source of MUN secretion in milk, the contribution of absorbed N not incorporated in milk protein was separated into ruminal N losses and those associated with the metabolism of absorbed AA (maintenance, milk production, and retention). In cases where PBV intake was positive, N surplus to microbial requirements was assumed to be completely absorbed from the rumen and converted to urea. For diets in which PBV was negative, N losses associated with AA metabolism were assumed to be recycled via saliva into the rumen and to satisfy microbial requirements. Nitrogen losses related to the metabolism of absorbed AA were calculated as 0.16 × AAT intake (g/d) − milk N output (g/d).
Statistical Analysis
Relationships between MUN with animal and dietary factors were derived using the entire data or subsets, in which data were separated into studies comparing effects of the level of concentrate supplementation (35 comparisons, 80 diets), concentrate CP content (76 comparisons, 188 diets), silage fermentation quality (21 comparisons, 55 diets), or replacing grass silage with legume silage (10 comparisons, 32 diets). In studies evaluating the effects of concentrate feeding, only the level of supplementation was altered (range 2.8 to 13.5 kg DM/d). For protein feeding studies, concentrates were fed at a fixed rate (mean 7.9 kg DM/d, SE 1.55), and protein supplements replaced basal concentrate ingredients. In studies assessing the impact of silage fermentation, experimental silages were prepared from the same sward and ensiled using none, an enzyme and/or inoculant, or formic acid based additive.
Relationships between MUN and animal or dietary measurements were estimated by linear regression analysis. Furthermore, MUN was used to predict the efficiency of N utilization for milk production and urinary N excretion. Relationships obtained were assessed based on the proportion of variance accounted for by the model (R 2 ) and residual mean square error (RMSE). Since a component of the variance in MUN can arise from differences in the stage of lactation, genetic merit, animal live weight, feeding strategies, and analytical techniques used to determine urea in milk, it is important to exclude these sources when the impact of nutrition is being evaluated. Therefore relationships between MUN with N utilization, animal, or dietary factors within the experiment were also investigated using the MIXED procedure of SAS (Littell et al., 1996) according to the following model Y ij = A 0 + Exp i + B 1 X 1ij + B 2 X 2ij + … + e ij , where A 0 is the overall intercept (fixed effect), Exp i is the random effect of experiment, B 1 and B 2 , are the overall regression coefficients across experiments, X 1ij and X 2ij , are the value j of the continuous variables X 1 and X 2 , in experiment i, and e ij represents unexplained error. In addition, some analysis was conducted using random slopes to assess the extent of RMSE attributable to the experiment. The mixed model methodology used has been described in detail (StPierre, 2001 ), whereas RMSE and the coefficient of determination (R 2 ) were derived from single factor regression between values predicted by the mixed model and measured values. Furthermore, R 2 values were also calculated to estimate the proportion of variation explained within the experiment, where: R 
RESULTS
Diet Composition
A description of the entire data used for evaluation is presented in 
Relationships with MUN Derived Using the Entire Dataset
Both fixed and mixed regression models indicated a close association between dietary CP and MUN ( Figure  1 , Table 2 ). Slopes based on single factor regression (0.172), or using mixed models that assumed random intercepts (0.169), or both random intercepts and slopes (0.165) were similar. However, R 2 values of regressions were much higher using mixed models. Inclusion of dietary energy content in addition to CP within bivariate models resulted in only marginal improvements in R 2 values compared with dietary CP content alone. Overall, bivariate models indicated that at constant dietary CP content, increases in dietary NDF content were associated with marginally higher MUN (slope 0.007 mg/dL per 1 g/kg DM increase in NDF), whereas increases in dietary NSC content were associated with slight decreases in MUN (slope −0.007 mg/dL per 1 g/ kg DM increase in NSC).
The relationship between MUN and dietary PBV content was similar to that for dietary CP concentrations (R 2 within 0.860 vs. 0.825), but the slope was higher for PBV (0.21 and 0.17 mg/dL per g/kg DM, respectively), and the intercept suggested that when PBV was zero (i.e., no net absorption of, ammonia from the rumen) MUN was close to 12 mg/dL. Expressing dietary CP as a ratio to energy content (CP/ME) did not improve upon The relationship with MUN and CP intake was much weaker than for dietary CP content based on single regression analysis (R 2 = 0.451 vs. 0.778) or using mixed models (R 2 within 0.663 vs. 0.860). Bivariate models that included DM or ME intake in addition to CP intake explained much more of the variation in MUN than CP intake alone (R 2 within = 0.871 and 0.861 vs. 0.663, respectively). Use of a more theoretically sound description of dietary protein in terms of PBV and AAT, or both these parameters and calculated energy balance, did not improve upon these relationships. Milk urea nitrogen was increased in response to both increased AAT and PBV intake, but the slope for PBV was markedly higher than for AAT when both effects were used in the same mixed model (0.002 vs. 0.011 mg/dL per gram AAT or PBV). However, assuming zero changes in N-retention and expressing surplus dietary N from ruminal (PBV-N) or tissue metabolism (AAT-N − milk N) on a DMI basis (g N/kg DM) indicated that both sources had similar effects on MUN (1.19 vs. 1.21 mg/ dL per gram N/kg DMI, data not presented).
Use of the mixed effect model (Table 3) indicated that the intake of rumen degradable N in excess of microbial requirements (PBV-N) increased MUN secretion more than absorbed AA-N intake (0.018 vs. 0.012 g/g N intake; P < 0.001), a finding that also held true using the fixed effect model. However, the impact of N losses on MUN secretion due to ammonia N absorption from the rumen or AAT-N intake in excess of requirements (AAT-N intake − milk protein N output) were of similar magnitude.
Silage fermentation characteristics had minor, albeit, significant effects on MUN (data not shown). Mixed model analysis indicated that MUN increased by 0.17 (P < 0.001) or 0.04 mg/dl (P < 0.01) per g/kg DM increase in dietary VFA or lactic acid content, respectively. In addition, MUN was also increased 0.03 mg/L (P = 0.03) in response to 1 g/kg increases in silage ammonia N concentrations.
The outcome of the mixed effect (random intercepts) model including variables that significantly (P < 0.10) explained variation in MUN is shown in Table 4 . Overall, the model accounted for proportionally 0.957 of total variance, and 0.901 of within experiment variation in MUN. Dietary CP content was the most important nutritional factor in the model. Both dietary energy content and the ratio of AAT to CP were inversely related with MUN, whereas starch and NDF concentrations had slightly positive effects. Concentrations of urea also increased (P = 0.04) when milk protein content decreased and for silages prepared from sward regrowths relative to the corresponding primary growths (P = 0.008). Use of a formic acid based additive during ensiling was associated with a decrease in MUN compared with silages conserved using none or enzyme and/or inoculant additives. Inclusion of energy balance or milk yield as fixed factors did not account for more of the variation in MUN, and the respective slopes were not significant (P > 0.10).
Relationships with MUN Derived Using Data Subsets
Different data subsets used to assess the reliability of MUN predictions indicated that MUN responses to increases in dietary CP concentration were much the same, irrespective of dietary manipulation (Table 5) . However, the regression coefficient derived between MUN and dietary CP concentration was marginally lower than the overall mean coefficient when protein content was increased through partial or complete replacement of grass silage with legume silage (0.14 vs. 0.17 mg/dL per grams of CP).
The coefficient obtained using the ratio of CP to ME was higher for studies examining the impact of protein supplementation compared with other data subsets. However, relationships obtained using bivariate models indicated similar coefficients for CP and ME intakes, irrespective of data source.
Nitrogen Utilization and Urinary N Excretion
A negative association existed between MUN and the efficiency of N utilization for milk protein synthesis (Table 6 ), but dietary CP concentration explained more of the variation in N efficiency than MUN (R 2 within 0.769 vs. 0.805). For both fixed and mixed models, inclusion of milk yield improved the accuracy of MUN based predictions of urinary N excretion and efficiency of N utilization. Effects of milk yield and MUN were combined by calculating daily MUN secretion (MUNS, g/d), which explained proportionately 0.835 of within experiment variation in urinary N excretion. Furthermore, this prediction was associated with an RMSE of 14.7 g N per day. For data subsets based on studies assessing concentrate feeding (1) or protein supplementation (2), the following regression equations were derived using mixed effects models:
( In common with N efficiency, dietary CP concentration provided a more accurate prediction of urinary N excretion than MUN. Use of MUNS in combination with dietary CP content resulted in only marginal improvements in the prediction of urinary N excretion for both fixed and random effect models (Table 6 ).
DISCUSSION
Physiological Basis of MUN
Milk urea nitrogen has often been used to provide an indication of the efficiency of N utilization and to predict N emissions into the environment. Since urea equilibrates rapidly between body fluids (DePeters and Ferguson, 1992) and enters the mammary gland by diffusion, concentrations of urea in plasma and milk are generally closely associated (Oltner and Wiktorsson, 1983; Roseler et al., 1993; Broderick and Clayton, 1997; Kauffman and St-Pierre, 2001 ). Milk urea is also derived from arginine catabolism in the mammary gland (Annison, 1983) , but this does not appear to be quantitatively important. The intake of PBV had a greater effect on MUN than AAT (Table 2) , which may reflect the close association between AAT and energy intake. Including ME intake as an additional independent variable reduced the difference between coefficients for AAT and PBV (MUN Table 4 . Identification of dietary and production parameters that made a significant contribution in regressions with milk urea nitrogen concentration (mg/dl) according to mixed effects linear regression models (experiment used as a random factor, n = 259, root mean square error = 0.68, R 2 = 0.957). Neutral detergent fiber (g/kg DM).
4
Silage harvest refers to a comparison of silages harvested from primary or corresponding regrowths of grass or grass legume swards.
5
Silage additive refers to a comparison of silages prepared without additive or a biological inoculant or formic acid based ensiling additive.
(mg/dl) = 10.4(±0.90) + 0.007(±0.00015) × AAT intake (g/d) + 0.010(±0.00037) × PBV intake (g/d) − 0.047(±0.0136) × ME intake (MJ/d)). This relationship suggests that each gram of absorbed N derived from AA increased MUN to a lesser extent than that from rumen ammonia, a finding consistent with a 50% higher coefficient for rumen degradable than undegraded N intake (DePeters and Ferguson, 1992) . Prediction of MUN secretion based on PBV-N and AAT-N intake also suggests that absorption of N from ruminal ammonia has a markedly greater impact than tissue AA catabolism (Table 3) . However, absorbed AA not utilized for milk protein synthesis had similar effects on milk urea N yield as ruminal N losses. This finding is not consistent with the view that the contribution of urea in biological fluids from AA absorption and subsequent metabolism is relatively minor (Hof et al., 1997; Schepers and Meijer, 1998) . Based on theoretical considerations, these sources would be expected to have similar effects on MUN, because both ammonia N absorbed from the rumen and absorbed AA N not utilized for milk protein synthesis, or retained in body tissues, are metabolized to urea in the liver. Furthermore, MUN has increased in response to postruminal casein infusions in cows fed grass silage based diets Vanhatalo et al., 2003) , strongly suggesting that AA catabolism is a significant source of BUN and MUN. Consistent with regression coefficients obtained in this evaluation, both ruminal and duodenal infusions of casein have increased MUN, but the response to ruminal infusions was higher (Khalili and Huhtanen, 2002) , due to higher milk protein secretion and smaller losses of absorbed N.
The Effect of Diet on MUN
For both fixed and mixed models, dietary CP concentration was the best single predictor of MUN, which is in direct contrast to a number of studies identifying the dietary ratio of CP to energy as the most important nutritional factor affecting MUN (e.g., Oltner and Wiktorsson, 1983; Kirchgessner et al., 1986) . Oltner and Wiktorsson (1983) postulated that MUN was more closely associated with the ratio of CP to energy in the diet. However, further interpretation of mean treatment data of this study indicated that the relationship between MUN with dietary CP content (R 2 = 0.92) was as strong as that for the CP/ME ratio (R 2 = 0.92). Similar findings can also be explained by variations in the CP/ ME ratio being confounded with dietary CP concentrations, because increases in energy intake were associated with concomitant decreases in protein supplementation. Broderick and Clayton (1997) also reported marginally closer relationships between MUN with dietary CP content than the ratio of CP to net energy for lactation. However, within the current dataset, differences in dietary CP (R 2 = 0.89) rather than ME content (R 2 = 0.03), were the major source of variation in the ratio of dietary CP to ME. Furthermore, true variance in dietary ME concentrations may be lower than estimates suggest, due to negative associative effects of digestion resulting in the increase in energy content with more intensive concentrate feeding being lower than expected (Huhtanen, 1998) .
It has been suggested that a restriction in energy supply increases MUN (Kirchgessner et al., 1986) , but there was no evidence of a close positive association with calculated energy balance based on the current evaluation. This apparent discrepancy may reflect energy balance being confounded with dietary CP content in many studies.
Use of both dietary AAT and PBV as independent variables in bivariate models would be expected to account for more variation in MUN than dietary CP, but this evaluation does not support this ( Table 2 ). The lack of improvement in the prediction of MUN suggests that the errors in estimating rumen degradable and undegradable protein outweigh the potential benefits in accounting for different physiological sources of urea secreted in milk. Even though AAT and PBV content failed to explain substantially more of the variance in MUN than CP content for the entire dataset, individual studies have established that MUN is also related to the quality of dietary protein. In a recent comparison over a wide range of inclusion rates, iso-nitrogenous supplements of heat-treated rapeseed expeller elicited higher milk protein and lower MUN responses compared with solvent-extracted soybean meal in cows fed grass silage based diets (Shingfield et al., accepted) . Similarly, provision of comparable amounts of dietary N as rapeseed expeller enhanced milk protein output and reduced secretion of urea in milk, compared with dietary urea supplements or the use of higher N fertilizer application rates to increase grass silage CP content (Shingfield et al., 2001) .
Irrespective of the model or dataset used, the intercept of the regression between dietary PBV concentration (or PBV intake) and MUN was approximately 11.7 mg/dL, suggesting at this concentration the availability of degradable N and energy supply in the rumen are essentially balanced. A very similar value of 10.7 mg/ dL has been derived based on the metabolizable protein system adopted in the Netherlands (Hof et al., 1997) . However, measurements of microbial protein entering the omasal canal have suggested that microbial N requirements can be satisfied (Ahvenjä rvi et al., 1999 (Ahvenjä rvi et al., , 2002 even for diets containing negative amounts of PBV based on the Finnish metabolizable protein system (Tuori et al., 2002) .
Practical Applications of MUN
Milk urea nitrogen can be relatively easily analyzed in bulk tank or individual milk samples of herds participating in herd improvement schemes (see Godden et al., 2000) . This evaluation supports the suggestion that measurements of MUN could be used to assess the adequacy of protein feeding in dairy cows and the efficiency Journal of Dairy Science Vol. 87, No. 2, 2004 of N utilization for milk production (Broderick and Clayton, 1997; Jonker et al., 1998 and .
Of all the components assessed, dietary CP content was the most influential with respect to MUN and could therefore be used to predict CP concentrations of diets fed on-farm. Based on measurements from all experiments and diets (n = 306) dietary CP content was accurately predicted from MUN as: CP (g/kg DM) = 99.8(1.9) + 4.5(±0.01) × MUN (mg/dL) (R 2 = 0.779; RMSE 9.0 g/kg DM). Both the intercept (93.4) and regression coefficient (5.0) were similar when the effects of between-experiment variations were omitted or taken into account, whereas the RMSE of 9.0 (g/kg DM) is sufficiently small to suggest that this equation could be used to assess protein adequacy under most practical feeding situations. In spite of a higher intercept and regression coefficient, this prediction is consistent with that from an earlier evaluation of the potential of MUN to predict on-farm dietary CP content (Broderick and Clayton, 1997) . Even though these parameters are different, due to variations in mean dietary CP content and a tendency for curvilinear association with MUN at high CP concentrations in the diet (P = 0.01 for quadratic slope in data subset of legume forages), this does not necessarily negate the use of MUN measurements, provided that the prediction equation is applied to similar nutritional circumstances under which it was developed. For example, when comparing measured MUN concentrations (Frank and Swensson, 2002) and those estimated based on the relationship between dietary CP and MUN (Table 2), a close correlation existed between observed and predicted values (R 2 = 0.95, RMSE = 0.74). In addition to assessing dietary CP content, measurements of MUN may also yield useful information concerning the utilization of dietary rumen degradable protein. This evaluation suggests that for diets based on grass silage, a MUN value of 11.7 mg/dL is consistent with the N requirements of rumen microbes being satisfied. Because recycling of N into the rumen was not accounted for, a lower concentration may well be adequate. A quadratic relationship between MUN and milk protein yield (Figure 2) indicates that increases in milk protein yield could be expected in response to high quality protein supplements beyond MUN concentrations of 11.7 mg/dL. Even though production responses can be attained above MUN values of 16 mg/dL, this occurs at the expense of a reduction in the efficiency of N utilization (Figure 2 ). The implication is that establishing recommended values for MUN is heavily dependent on the criteria being considered for optimization (i.e., recommendations for milk protein production may not necessarily coincide with those regarded optimal with respect to environmental N emissions or reproductive performance).
Measurements of MUN appeared to provide an accurate prediction of urinary N excretion (Table 6) , consistent with previous suggestions (Jonker et al., 1998; Kauffman and St-Pierre, 2001; Kohn et al., 2002) . Prediction of the efficiency of N utilization and urinary N excretion based on both MUN and milk yield was associated with RMSE of 19.3 g/kg N and 29 g/d, respectively. Use of mixed effects models improved the R 2 and lowered the RMSE of these relationships, but both the intercept and coefficients of the models were relatively unchanged when fixed models were used, suggesting that the prediction may be sufficiently robust to be applied in practice. Furthermore, these equations suggest that changes in urinary N output in response to dietary changes can be predicted very accurately (Table 6) , particularly when protein supplements are fed. Prediction based on MUN alone indicated that urinary N excretion increased 13.4 g/d per unit (mg/dL) increase in MUN. Corresponding equations reported by Jonker et al. (1998) and Kauffman and St-Pierre (2001) provide somewhat different slopes (12.2 and 17.2, respectively) and assume an intercept of zero. The model of Kauffman and St-Pierre (2001) provides comparable estimates to the prediction equation derived in this evaluation for MUN values of about 12 mg/dL, but further increases in MUN could potentially overestimate urinary N excretion due to the assumption of a zero intercept ( Figure  3) . Kohn et al. (2002) suggested that live weight should also be included into the prediction of urinary N excre- tion that may be in part analogous to the intercept of the relationship derived in this evaluation, whereby the intercept corresponds to the constant effect of live weight. However, live weight in the model of appears to be proportional to MUN, not additional as suggested in this study.
Alternatively, urinary N excretion can be predicted from MUN secretion. Overall, errors in the prediction were numerically similar for MUNS compared with MUN. However, MUNS provided a more accurate prediction when diet composition was manipulated by changes in the level or CP content of concentrate supplements. Predictions of urinary N excretion could be improved yet further if reliable measurements of dietary CP content are available. This relationship clearly indicates that urinary N excretion is primarily governed by dietary CP content. However, the significant contribution of MUNS in the prediction of urinary N excretion is indicative of the importance of protein quality on both the efficiency of N utilization for milk protein synthesis and magnitude of N losses in urine.
CONCLUSIONS
Dietary concentrations of CP and PBV were the main nutritional factors influencing MUN. Associations with MUN were not improved by expressing dietary protein as a function of energy. Nitrogen losses arising from the rumen or liberated during tissue AA catabolism had similar effects on urea secretion in milk. Concentrations of MUN in milk provided a reliable estimate of dietary CP content, whereas MUN or MUNS provided an accurate prediction of urinary N excretion. On the basis of this evaluation, measurement of MUN concentration or secretion can be used to monitor environmental N emissions associated with milk production. 
